We have studied time evolution of spatial distribution of charges stored in one-dimensionally self-aligned double-stack of Si quantum dots (QDs), which were formed on thermally-grown SiO 2 with an areal dot density as high as ~10 13 cm -2 , by surface potential measurements using an atomic force microscope (AFM)/Kelvin probe technique. Electron injection to and emission from the Si-QDs were initially carried out by scanning the surface with an electrically-biased AFM tip in a tapping mode. A stepwise decay in the surface potential accompanied with a gradual change in the potential profile after electron injection can be interpreted in terms that the electron transfer from the upper dot to the lower dot for a stable charged state and the propagation of electron tunneling to neighboring dots proceed simultaneously. In addition, the temporal change in the surface potential after electron extraction shows early propagation of hole tunneling to neighboring dots and progressive hole tunneling from the upper dot and the lower dot but less. These results suggest that Coulomb interaction among charged dots plays a role in the time evolution of charge distribution in the closely-arranged Si-QDs.
INTRODUCTION
Discrete charged states of Si quantum dots (Si-QDs) originating from quantization and charging effects have motivated us to apply the Si-QDs to charge storage nodes for floating gate MOS memories [1] [2] [3] [4] [5] . Previously, we have reported the self-assembling formation of the Si-QDs from chemical vapor deposition (LPCVD) of pure SiH 4 [6] and demonstrated that, using an atomic force microscopy (AFM)/Kelvin force microscopy (KFM) technique [7] [8] [9] , the amount of charges stored in each Si-QD can be evaluated from the surface potential change due to electron injection to and extraction from the Si-QDs [10] . In addition, we have also measured the temporal decay characteristics of charged states of Si-QDs with an areal density of 8 × 10 11 cm -2 on 3nm-thick SiO 2 /n-Si(100) using an AFM/Kelvin Probe technique and confirmed that the surface potential of charged Si-QDs decays with time at certain rates depending on charge injection conditions [11] . More recently, we have succeeded in one-dimensionally self-aligned double-stacking of Si-QDs with an areal density of ~10 13 cm -2 by a process sequence consisting of selective Ge growth on pre-grown Si-QDs by LPCVD, in-situ oxidation, thermal desorption of Ge oxide and 2nd Si-QDs formation [12] .
In this work, we have focused on electrical charged states of such closely-arranged and double-stacked Si-QDs on ~4.0nm-thick SiO 2 /Si(100) and characterized the temporal decay of the surface potential after spatially-controlled charge injection by an AFM/KFM technique, in which topographic and corresponding surface potential images are simultaneously taken in the KFM using an electrically biased AFM probe.
EXPERIMENTAL
After a conventional wet-chemical cleaning step, Si(100) was oxidized at 1000˚C for 10 min in dry O 2 to form a ~4.0 nm thick SiO 2 layer. To obtain OH-terminated SiO 2 surface which enables us to enhance the dot density and improve the dot size uniformity, the oxidized surface was shortly dipped in a 0.1 % HF solution for 1 min. After exposing the OH-terminated surface to 10% GeH 4 diluted with He at room temperature, hemispherical Si-QDs were first grown on the OH-terminated and as-grown SiO 2 surfaces at 580 ˚C from the thermal decomposition of pure Si 2 H 6 at a pressure of 26.6 Pa [6] . Subsequently, Ge was selectively deposited on the pre-grown Si-QDs at 380˚C using 5 % GeH 4 diluted with He [13] and followed by dry O 2 oxidation at 600 ˚C. To remove the Ge-oxide and residual surface OH-bonds acting as nucleation sites in the next LPCVD, the sample was heated to 1000 ˚C after the process chamber was evacuated down to ~1.3×10 -5 Pa. After that, the SiH 4 -LPCVD was carried out at 580˚C under a pressure of 4.0 Pa for self-aligned selective formation of the 2nd Si-QDs on the 1st grown dots.
Electron injection to and extraction from the aligned-dots were carried out in a spatially-controlled way by scanning the sample surface with an electrically-biased AFM tip in a tapping mode at room temperature, where a Rh-coated Si cantilever with a radius of tip apex of ~10 nm was used. To examine the surface potential changes caused by electron charging to and discharging from the double-stacked dots, and to evaluate their temporal decay characteristics, topographic and surface potential images were simultaneously taken in repeating fashion by employing a non-contact KFM technique.
RESULTS AND DISCUSSION
Topographic and corresponding surface potential images of Si-QDs formed on ~1.0 nm-thick SiO 2 /n-Si(100) are shown in Fig. 1 . Without any bias applied to the sample surfaces, a uniform surface potential image was observed. With tapping on a surface area of 500×500 nm 2 with the tip biased at -1.5 V, a negative change in the surface potential was observed by about 50 mV. However, in the untapped and unbiased area, no change in the surface potential was detectable. The observed decrease in the surface potential corresponds to one electron charging from the Rh tip into each of the upper-and lower-dots in consideration of a simple equivalent circuit for the Kelvin probe method as described in Ref. 14. After charging to the aligned dots, the contrast in the surface potential image fades away with time as represented in Fig. 2 .
In this experiment, the change in the average surface potential among the dots was evaluated because of a limitation on spatial resolution in the surface potential images for such a high areal dot density. From cross-sectional potential profiles, the peak surface potential and full width at half maximum (FWHM) were evaluated and summarized as functions of time elapsed since electron injection as shown in Fig. 3 . The surface potential change decays in a stepwise manner while the FWHM in the charged area gradually increases to its maximum value and then decreases monotonously with time. Considering an increase in the FWHM originating, namely an increase in the charged area, the initial decay in the surface potential seen until ~20 min can be interpreted in terms that electron charged in the lower-dot tunnels to neighboring lower-dots rather than to the n-Si(100) substrate through the bottom oxide, as schematically illustrated in Fig.  4 (b) , reflecting the fact that the distance between neighboring lower-dots with the areal dot density as high as ~10 13 cm -2 is smaller than the bottom SiO 2 thickness. Furthermore, it is likely that that Coulomb repulsion force acting among electrons in ultra-high density dots promotes lateral spreading of stored electrons, in which the electron transfer from the upper-dots to the lower-dots proceeds simultaneously to stabilize the charged state (Fig. 4 (b') ). By assuming the simple equivalent circuit for the KFM measurement of aligned dots, we can estimate that the measured 1st metastable charged state of ~-40 mV in the surface potential change corresponds to the storage of 1/2 electron in the each upper-and lower-dots.
The continuing decay stage observed from 40 to 60 min is attributable to the electron tunneling from a portion of the lower-dots to the substrate, and followed by the 2nd metastable charged state of ~15 mV in the surface potential change (Fig. 4 (c) ). At the 2nd metastable charged state, one electron is likely to be stored in every other lower-dot. This result suggests a reduction of the repulsive Coulomb interaction among the dots in comparison to the initial charged state in which both the upper and lower-dots are charged, resulting in a more stable Fig. 1 Topographic (a) and surface potential (b, c) images for double-stacked dots/SiO 2 /n-Si(100) measured by a Kelvin probe mode. Surface potential images were taken before (b) and just after (c) electron charging from the Rh-tip with a tip bias at -1.5V. Fig. 2 Cross-sectional potential profiles along the line A-A' shown in the inset were taken just, in 30, 60 and 90 min after electron injection to the sample shown in Fig. 1 . The area of 500×500 nm 2 was charged at a tip bias of -1.5V. Fig. 3 Temporal changes in the peak and FWHM of the surface potential profile measured at room temperature after electron injection shown in Fig. 2 .
The FWHM evaluated from cross-sectional potential profiles as presented in Fig. 2 was also shown in the inset. charged state. Over 80 min just after charge injection, change in the surface potential monotonously decay due to electron tunneling to the n-Si(100) substrate.
For the case of self-aligned double-stacked dots formed on SiO 2 /p-Si(100), a negatively-charged state caused by electron injection at a tip bias of -1.5 V was also observed although the change in the surface potential decays with time monotonously and disappears within 30 min, suggesting that stored electrons are recombined with holes injected by tunneling through the bottom oxide from the p-Si(100) substrate to the dots. It is interesting to note that, after electron extraction from the sample formed on SiO 2 /p-Si(100), time evolution of positively charged state was detected prior to a monotonous decay. Figure 5 , shows the result obtained after charging positively due to the electron extraction at a tip bias of +1.5 V. Obviously, the surface potential peak in positively charged area increased up to ~60 mV in 20 min after charging and a slight lateral spreading of stored charges was also detectable. This result can be interpreted as follows: at a positive bias of +1.5 V, the electron extraction from the upper-dot to the tip accompanied with electron injection from the substrate to the lower-dots is possible since an inversion condition holds the p-Si(100) substrate Fig. 4 Energy band diagrams corresponding to decay curves in Fig. 3: just (a) , until ~20 min ((b) and (b')) and from 40 to 60 min after electron charging to the dots. surface (Fig. 6 (a) ). Even in the case that the same amount of electrons and holes are stored in upper-and lower dots, respectively, the net potential change is positive because stored charges farther from the substrate surface make larger contribution to the surface potential change as evaluated by KFM measurements. After such an initial charging positively, progressive electron tunneling from the lower-dot to the p-Si(100) substrate through the ultrathin oxide, shown in Fig. 6 (b) , and/or progressive hole tunneling from the p-Si(100) substrate to the lower dots, shown in Fig. 6 (b' ) result in an increase in the time evolution of positive surface potential. Over 20min after electron extraction, the positive charge was gradually decreased and tended to be saturated with almost no lateral spreading of stored charges. Considering that the energy bandgap of the lower-dots is expected to be smaller than that of the upper-dots because of the Ge incorporation into lower Si-QDs during the thermal desorption of the Ge-oxide from the dots as confirmed by high resolution x-ray photoelectron spectroscopy analysis, the decay from 20 to 80 min might be attributable to the hole tunneling from the upper-dot to underlying lower-dots rather than to the neighboring upper-dots as shown in the energy band diagram of Fig. 6 (c) . The saturation of surface potential observed over ~80 min could be attributed to stable storage of a hole in each lower-dot due to its deep potential well.
CONCLUSIONS
We have studied spatially-controlled charging and discharging characteristics of the self-aligned double-stack Si-QDs formed with ~10 13 cm -2 in areal dot density on the SiO 2 /n-Si(100) and /p-Si(100) using an AFM/Kelvin probe technique and characterized the temporal decay in the surface potential change after electron injection to and extraction from the dots. The temporal decay of charged states of ultrahigh density aligned dots can be characterized by the charge transfer not only between the upper and lower dots but also among the neighboring dots due to Coulomb interaction in the closely-arranged double-stack dots.
